The present study was designed to investigate the mechanisms by which insulin regulates the disposal of an intravenous glucose load in man. A combined tracer-hepatic vein catheter technique was used to quantitate directly the components of net splanchnic glucose balance (NSGB), i.e., splanchnic glucose uptake and hepatic glucose output, and peripheral (extrasplanchnic) glucose uptake. Four different protocols were performed: (a) intravenous infusion of glucose alone (6.5 mg kg −1 min −1 ) for 90 min (control group); (b) glucose plus somatostatin (0.6 mg/h) and glucagon (0.8 ng kg −1 min −1 ; (c) glucose plus somatostatin, glucagon, and insulin (0.15 mU kg −1 min −1 ); and (d) glucose plus somatostatin, glucagon, and insulin (0.4 m U kg −1 min −1 ). In groups 2-4, arterial blood glucose was raised to comparable levels to those of controls ( 170 mg/dl) by a variable glucose infusion. In the control group, plasma insulin levels reached 40 µU/ml at 90 min. NSGB switched from a net output of 1.71±0.13 to a net uptake of 1.5-1.6 mg kg −1 min −1 due to a 90-95% suppression of hepatic glucose output (P < 0.01) and a 105-130% elevation of splanchnic glucose uptake (from 0.78±0.13 to 1.6-1.8 mg kg −1 min −1 ; P < 0.01). Peripheral glucose uptake rose by 150-160% (P < 0.01). In group 2, plasma insulin fell to <5 µU/ml. Net splanchnic glucose output initially rose twofold but later returned […] A B S T R A C T The present study was designed to investigate the mechanisms by which insulin regulates the disposal of an intravenous glucose load in man. A combined tracer-hepatic vein catheter technique was used to quantitate directly the components of net splanchnic glucose balance (NSGB), i.e., splanchnic glucose uptake and hepatic glucose output, and peripheral (extrasplanchnic) glucose uptake. Four different protocols were performed: (a) intravenous infusion of glucose alone (6.5 mg kg-' min-') for 90 min (control group); (b) glucose plus somatostatin (0.6 mg/h) and glucagon (0.8 ng kg-' min-'); (c) glucose plus somatostatin, glucagon, and insulin (0.15 mU kg-' min-'); and (d) glucose plus somatostatin, glucagon, and insulin (0.4 mU kg-' min-'). In groups 2-4, arterial blood glucose was raised to comparable levels to those of controls (-170 mg/dl) by a variable glucose infusion. In the control group, plasma insulin levels reached 40 AU/ml at 90 min. NSGB switched from a net output of 1.71±0.13 to a net uptake of 1.5-1.6 mg kg-min-' due to a 90-95% suppression of hepatic glucose output (P < 0.01) and a 105-130% elevation of splanchnic glucose uptake (from 0.78±0.13 to 1.6-1.8 mg kg-' min-'; P < 0.01). Peripheral glucose uptake rose by 150-160% (P < 0.01). In group 2, plasma insulin fell to <5 AU/ml. Net splanchnic glucose output initially rose twofold but later returned to basal values. This response was entirely accounted for by similar changes in hepatic glucose output since splanchnic glucose uptake remained totally unchanged in spite of hyperglycemia. In contrast, peripheral glucose uptake rose consistently by 100% (P < 0.01) despite insulin deficiency. In an additional group of experiments, glucose metabolism by the forearm muscle tissue was quantitated during identical conditions to those of group 2 (hyperglycemia plus insulin defiReceived for publication 9 December 1981 and in revised form 18 March 1982. ciency). Both the arterial-deep venous blood glucose difference and forearm glucose uptake increased markedly by 300-400% (P < 0.05 -<0.01). In group 3, plasma insulin was maintained at near-basal, peripheral levels (12-14 ttU/ml). Hepatic glucose output decreased slightly by 35-40% (P < 0.05) while splanchnic glucose uptake remained unchanged. Consequently, the net glucose overproduction seen in group 2 was totally prevented although NSGB still remained as a net output. In group 4, peripheral insulin levels were similar to those of the control group (35-40 ,uU! ml). The suppression of hepatic glucose output was more pronounced (60-65%) and splanchnic glucose uptake rose consistently by 65% (P <0.01). Consequently, NSGB did not remain as a net output but eventually switched to a small uptake (0.3 mg kg-' min-'). Peripheral glucose uptake rose to the same extent as in controls.
reached 40 AU/ml at 90 min. NSGB switched from a net output of 1.71±0.13 to a net uptake of 1.5-1.6 mg kg-min-' due to a 90-95% suppression of hepatic glucose output (P < 0.01) and a 105-130% elevation of splanchnic glucose uptake (from 0.78±0.13 to 1.6-1.8 mg kg-' min-'; P < 0.01). Peripheral glucose uptake rose by 150-160% (P < 0.01). In group 2, plasma insulin fell to <5 AU/ml. Net splanchnic glucose output initially rose twofold but later returned to basal values. This response was entirely accounted for by similar changes in hepatic glucose output since splanchnic glucose uptake remained totally unchanged in spite of hyperglycemia. In contrast, peripheral glucose uptake rose consistently by 100% (P < 0.01) despite insulin deficiency. In an additional group of experiments, glucose metabolism by the forearm muscle tissue was quantitated during identical conditions to those of group 2 (hyperglycemia plus insulin defi-ciency). Both the arterial-deep venous blood glucose difference and forearm glucose uptake increased markedly by 300-400% (P < 0.05 -<0.01). In group 3, plasma insulin was maintained at near-basal, peripheral levels (12-14 ttU/ml). Hepatic glucose output decreased slightly by 35-40% (P < 0.05) while splanchnic glucose uptake remained unchanged. Consequently, the net glucose overproduction seen in group 2 was totally prevented although NSGB still remained as a net output. In group 4, peripheral insulin levels were similar to those of the control group (35) (36) (37) (38) (39) (40) ,uU! ml). The suppression of hepatic glucose output was more pronounced (60-65%) and splanchnic glucose uptake rose consistently by 65% (P <0.01). Consequently, NSGB did not remain as a net output but eventually switched to a small uptake (0.3 mg kg-' min-'). Peripheral glucose uptake rose to the same extent as in controls.
It is concluded that: (a) the suppressive effect of hyperglycemia on hepatic glucose output is strictly dependent on the degree of hepatic insulinization; (b) insulin plays an essential role in promoting splanchnic glucose uptake after an intravenous glucose load whereas hyperglycemia per se is totally unable to activate this process; (c) peripheral glucose uptake is markedly stimulated by hyperglycemia even in the face of insulin deficiency. Direct evidence also demonstrates that the skeletal muscle is involved in this response. Our data, thus, indicate that insulin rather than hyperglycemia regulates splanchnic glucose disposal in man. On the other hand, hyperglycemia per se appears to be an important regulator of glucose disposal by peripheral tissues.
INTRODUCTION
Although the importance of insulin in the regulation of glucose metabolism is well recognized, only in recent years some of the effects of this hormone have been precisely quantitated by inducing selective insulin deficiency with somatostatin. In particular, studies by Cherrington et al. (1) have firmly established the essential role of insulin in the maintenance of glucose homeostasis in the postabsorptive state. In contrast, the role of insulin in the disposal of a glucose load has been more difficult to quantitate in part because hyperglycemia per se exerts important regulatory influences that mimic those of insulin. In particular, it has been shown both in dogs (2) and in man (3, 4) that hyperglycemia suppresses hepatic glucose output. Circumstantial evidence also suggests that a minimum amount of insulin is required for hyperglycemia to exert this effect (5, 6 ). The precise relation between the degree of insulinization and the response of hepatic glucose output to a glucose load has not, however, been investigated in man.
Even less information is available regarding the role of insulin in the regulation of glucose utilization following a glucose load in man. Previous tracer studies have documented the importance of the extra insulin evoked by glucose administration in promoting overall glucose uptake (7). However, due to the method used, those studies have provided no information as to the consequences of insulin deficiency on splanchnic as compared with peripheral glucose utilization. Since it is now well established that both sites are involved in the disposal of a glucose load in man (8, 9) , such data would be particularly useful not only to appreciate thoroughly the physiologic role of insulin in the disposal of a glucose load but also to elucidate the mechanisms leading to glucose intolerance in the diabetic state and the relative contribution of splanchnic vs. peripheral tissues.
The current study was consequently undertaken to determine the influence of the degree of insulinization on the glucoregulatory response to an intravenous glucose load in normal man. For this purpose, glucose was administered either alone or in conjunction with somatostatin, glucagon, and variable replacement amounts of insulin so as to create a spectrum of splanchnic and peripheral insulinizations ranging from severe insulin deficiency to normal insulin levels. A combined tracer-hepatic vein catheter technique was used to quantitate the influence of the degree of insulinization on each of the components of the glucoregulatory process, that is, endogenous glucose output, splanchnic glucose uptake, and peripheral glucose uptake. Furthermore, since the combined technique measures glucose uptake by all extrasplanchnic tissues and does not distinguish between insulin-dependent and -independent tissues, an additional group of studies was performed to examine specifically the consequences of insulin deficiency on glucose disposal by the forearm muscle tissue.
METHODS
Subjects. 25 male subjects aged 22-36 yr were studied. All were within 15% of their ideal body weight (Metropolitan  Life Insurance Tables, 1959) and exhibited normal glucose tolerance after a 75-g oral glucose test (10) . None had a history of liver disease or were taking any drugs. The group (n = 20) that participated in the hepatic vein catheterization studies consisted of asymptomatic patients admitted to the Institute of Medical Pathology for right cardiac catheterization for diagnostic purposes. The indication to the diagnostic catheterization was formulated on the basis of both physical examination and noninvasive diagnostic procedures that were suggestive of: atrial septal defects (n = 5), isolated mitral valve disease (n = 9), and isolated aortic valve disease (n = 6). Only those patients who were thought to have mild cardiovascular abnormalities but required cardiac catheterization were selected for this study. None of them had a positive history of congestive heart failure or arrythmias. The nature, purpose, and possible risks of the additional procedures were fully explained to each subject before his written consent to participate was obtained prior to cardiac catheterization.
Procedures. All subjects were studied in the postabsorptive state after a 15-17-h overnight fast. Teflon catheters were inserted percutaneously in a brachial or radial artery for blood sampling and in an antecubital vein for infusion of [3-3Hlglucose, unlabeled glucose, indocyanine green dye, and hormones. A Cournand catheter (7F) was introduced percutaneously in a contralateral antecubital vein and advanced under fluoroscopic control into the right heart for diagnostic catheterization. After the diagnostic procedure was completed, the catheter was advanced into a right-sided main hepatic vein and its tip placed 2-3 cm from the wedge position. Patency of the hepatic vein catheter was maintained by a continuous infusion of saline containing no anticoagulant. At the beginning of each experiment (t = -90 min), a priming dose of [3-3H] glucose (Amersham, Buckinghamshire, England) and indocyanine green dye (CardioGreen, Hynson, Westcott and Dunning, Baltimore, MD) was injected rapidly followed by a continuous infusion at a rate of 0.5 ,uCi/min and 0.5 mg/min, respectively, for the remainder of the study.
After a 90-min equilibration period, four groups of experiments were performed. In the first (n = 5), glucose alone was infused intravenously at a rate of 6.5 mg kg-' min-' for 90 min (control group). In the second group (n = 5), glucose was infused together with somatostatin (0.6 mg/h) and glucagon (0.8 ng kg-' min-'). The replacement dose of glucagon was chosen so as to maintain peripheral glucagon levels at/ or slightly above base line. Insulin was not replaced in this group of studies in order to induce a state of acute, severe insulin deficiency at both splanchnic and peripheral level. In the third (n = 4) and fourth (n = 6) group of experiments, insulin was added in doses of 0.15 and 0.4 mU kg-' min-', respectively. The dose of 0.15 mU kg-' min-' was chosen so as to replace the basal insulin levels in the peripheral circulation. The rate of 0.4 mU kg-' min-' was used to supply the liver with basal amounts of insulin and at the same time to simulate the increment of insulin concentration occurring in the periphery in the control group during the infusion of glucose alone (vide infra Analytical methods. Blood glucose concentration was measured by the glucose oxidase method (11) . The methods used for the determination of plasma immunoreactive insulin and glucagon (using antibody 30K) have been previously described (12) . The plasma concentration of indocyanine green was determined in a Beckman spectrophotometer (Beckman Instruments, Inc., Fullerton, CA). For the assay of [3-3H] glucose radioactivity, blood samples were deproteinized with Ba(OH)2-ZnSO4 and the supernatant was evaporated to dryness at 60°C to remove tritiated water. The dry residue was dissolved in 1 ml of water and counted with 10 ml of Insta-Gel (Packard Instruments, Inc., Downers Grove, IL) in a liquid scintillation system. The counting error was always <0.6% (±2a).
Calculations. Hepatic blood flow was estimated according to the method of Leevy et al. (13) . Net splanchnic glucose balance was calculated by multiplying the hepatic venousarterial (HV-A) blood glucose difference by the estimated hepatic blood flow (EHBF). Splanchnic glucose uptake and hepatic glucose output were calculated using the following equations:
(HV-A) blood [3-3H] glucose Splanchnic glucose uptake = arterial blood [3-3H]glucose X EHBF X arterial blood glucose concentration. (1) Hepatic glucose output = net splanchnic balance + splanchnic uptake. (2) Glucose uptake by peripheral (extra-splanchnic) tissues was estimated according to the formula: Peripheral glucose uptake = systemic glucose delivery -pVdg/dt where the systemic glucose delivery = net splanchnic glucose balance + exogenously infused glucose; p is the rapidly mixing compartment of the glucose space, assumed to be 0.70 (14) ; V is the distribution volume of glucose, assumed to be 20% of body weight (15); g is the blood glucose concentration. The values of g and dg/dt were calculated from their polynomial functions fitted by the method of least squares.
Forearm studies. Five studies were performed in normal, nonobese male subjects in the postabsorptive state. A Teflon catheter was introduced into a large antecubital vein and threaded as deeply as possible into the forearm tissue toward the wrist. In these conditions the effluent venous blood drained predominantly muscle tissue. A second Teflon catheter was inserted percutaneously into the ipsilateral brachial artery for blood sampling and for infusion of indocyanine green dye to measure forearm blood flow. Simultaneous blood samples were collected from the arterial and venous catheters at 15-min intervals in the basal state. Then, a combined infusion of glucose (1.7 mg kg-' min-'), somatostatin (0.6 mg/h), and glucagon (0.8 ng kg-' min-') was delivered through an indwelling catheter placed in a contralateral antecubital vein and blood samples were collected at 30-min intervals for 90 min. 5 min before each blood collection, a sphygmomanometer cuff placed around the wrist was inflated 100 mm Hg above the arterial blood pressure in order to exclude the hand from the circulation. Soon after blood collection, indocyanine green was infused through the arterial catheter, while keeping inflated the cuff around the wrist. After 4-5 min, a venous blood sample was taken to measure the plasma concentration of the dye. The infusion of indocyanine green was then stopped and the arterial catheter maintained patent in the intervals between samplings by intermittent flushing with saline. Plasma flow to the forearm was estimated by dividing the infusion rate of the dye by its concentration in the venous plasma and converted to blood flow according to the hematocrit. No correction for recirculation of dye was made since the concentration of recirculated dye (as determined in the contralateral vein blood in the basal state) was found to be negligible. Glucose uptake by deep forearm tissue (mainly muscle) was determined by multiplying the A-V blood glucose difference by the forearm blood flow and expressed as micrograms per 100 ml tissue per minute. The forearm volume was measured by water displacement. The theory and the assumptions inherent in the current approach for quantitating forearm tissue metabolism have been discussed in detail in previous papers (16, 17) .
All calculations were performed on a Wang 2200 computer (Wang Laboratories, Inc., Lowell, MA). Statistical analyses were performed with the one-or two-way analysis of variance and the Dunnett's test (18) . Data are presented as the mean±SEM.
RESULTS
Infusion of glucose alone. The glucoregulatory response to the infusion of glucose alone is illustrated in Fig. 1 . Arterial blood glucose concentration rose progressively reaching 175±9 mg/dl at 90 min. Net splanchnic glucose output (1.71±0.13 mg kg-' min-', basal) fell rapidly, switching to a net uptake of 1.6-1.7 mg kg-' min-' (P < 0.01) between 45-90 min. The mechanism responsible for the reversal of net splanchnic glucose balance is twofold: (a) hepatic glucose output fell from the basal value of 2.53±0.23 mg kg-' min-' to levels of 0.11-0.25 mg kg-' min-' (45-90 min), corresponding to a 90-95% suppression (P < 0.01); and (b) splanchnic glucose uptake (0.78±0.13 mg kg-' min-', basal) rose consistently, stabilizing at levels 105-130% above base line between 30-90 min (P < 0.05 -<0.01). Glucose uptake by peripheral tissues (1.71±0.13 mg kg-' min-', basal) increased progressively during the glucose infusion reaching levels 150% above base line at the end of the study period (P < 0.01).
As shown in Table I , the estimated hepatic blood flow was not significantly affected by the infusion of glucose alone. Arterial insulin levels increased threefourfold after the infusion of glucose, while arterial plasma glucagon fell by 25 FIGURE 1 Changes in arterial blood glucose net splanchnic glucose balance, hepatic g splanchnic glucose uptake, and peripheral during infusion of glucose (6.5 mg kg-' min Infusion of glucose, somatostatin, c (combined splanchnic and peripheral ciency). As shown in Table I , the ac matostatin to the glucose infusion cause insulin concentration to fall to values < the other hand, the replacement dose of glucagon maintained the arterial concentration of this hormone at, or slightly above base line. Considering that the portal-peripheral gradient for glucagon is only 1.5:1 (19) and that plasma glucagon fell by 25-30% during the infusion of glucose alone, it may be reasonably expected that in this group of experiments the liver was exposed to nearly the same amount of glucagon as in controls. The estimated hepatic blood flow decreased by 20 splanchnic glucose balance. On the other hand, splanchnic glucose uptake remained totally unchanged 2nd glucagon in the face of hyperglycemia. Peripheral glucose upinsulin defi-take increased to a comparable extent to that seen in idition of so-the control group in the first 60 min of the glucose d the arterial infusion and then declined to values significantly lower 5 IU/ml. On than those observed in controls (P < 0.01). 14±4  14±3  13±3  13±3  IV  11±2  31±4  31±3  34±5  35±6  35±6  37±6   IRG, pg/ml   I  118±15  98±12  81±8  75±7  72±5  72±5  75±6  II  122±17  129±23  131±27  139±28  129±24  130±26  120±28  III  120±6  121±13  129±18  132±26  130±20  128±16  115±12  IV  124±21  151±20  138±20  145±17  147±18  123±23  135±16 EHBF, ml/min FIGURE 2 Changes in arterial blood glucose net splanchnic glucose balance, hepatic E splanchnic glucose uptake, and peripheral during combined infusion of glucose (1.7 min-'), somatostatin (0.6 mg h-'), and glucag min-'). The shaded area denotes the resp alone.
Infusion of glucose, somatostatin, g low dose insulin (under-basal hepatic i basal peripheral insulin levels). As sh I, the replacement dose of insulin used (0.15 mU kg-' min-') maintained the iI tration in the periphery at values only those existing in the basal state. Thus, i sonably assumed that some degree of h insulinization was present as compared state, due to the well known 2.5-3:1 por gradient for insulin (19) . On the other terial concentration of glucagon remai basal values as in the previous group of The estimated hepatic blood flow de( cantly below base line by 15-25% (P < The response of blood glucose and gl is illustrated in Fig. 3 . The increment i cose concentration was similar to that ( study in spite of the lower infusion rate Jon (0.8 ng kg glucose (3.1 mg kg-' min-'). Net splanchnic glucose Dnse to glucose output decreased by 30-55% (P < 0.05) and thus did not switch to a net uptake. Noteworthy is, however, the fact that the splanchnic glucose overproduction ilucagon, and seen in the previous group (Fig. 2) did not occur at nsulinization, any time during the entire study period. Similarly, own in Table hepatic glucose output did not rise above base line, but in this group rather decreased significantly (P < 0.05), although the nsulin concen-magnitude of its suppression (35-40%) was considerslightly above ably smaller than that observed in the control study it may be rea-(90-95%; P < 0.025). Furthermore, splanchnic glucose epatic under-uptake remained virtually unchanged throughout the with the basal experimental period. Glucose uptake by peripheral tal-peripheral tissues increased to a similar extent to that seen in hand, the ar-controls in the first 60 of the control study (Table I) . Furthermore, because plasma insulin concentration in the periphery was three times above base line, it may be expected that the liver was exposed to basal amounts of insulin also during the infusion period. As observed in the previous two groups, plasma glucagon concentration was maintained at nearly basal values. The estimated hepatic blood flow decreased significantly by 25-35% (P < 0.01). The response of blood glucose and glucose kinetics is illustrated in Fig. 4 . Arterial blood glucose rose to comparable values to those reached in the control experiments despite the lower rate of glucose infusion (4.2 mg kg-' min-'). Net splanchnic glucose output fell consistently and eventually switched to a small net uptake (0.3-0.35 mg kg-' min-') in the last 30 min of the infusion period. However, a marked difference was still present as compared with the control group between 30-90 min (P < 0.01). The failure of the splanchnic balance to switch to the considerable net uptake seen in controls was due to incomplete suppression of hepatic glucose output as well as to the smaller elevation of splanchnic glucose uptake. Hepatic glucose output fell by 60-65%, thus remaining at levels significantly higher than those of the control group (P < 0.05). Splanchnic glucose uptake did rise in this group of experiments by 55-65% between 45 and 90 min (P < 0.05-<0.01). This increment, however, was significantly smaller when compared with that reached with the infusion of glucose alone (P < 0.01). In contrast, peripheral glucose uptake rose to a comparable extent to that seen in the control study throughout the entire study period.
Forearm studies. The conditions of this group of studies were the same as those of the experiments illustrated in Fig. 2 (hyperglycemia plus insulin deficiency). Plasma insulin levels (not shown) fell from 10±2 ,U/ml to 3-5 AU/ml during the infusion period.
Plasma glucagon (110±9 pg/ml, basal) remained nearly unchanged. As shown in Fig. 5 (P = NS).
DISCUSSION
In this study we examined the role of insulin in the response of splanchnic and peripheral glucose metabolism to an intravenous glucose load in man. Different degrees of insulinization were induced by infusing glucose, either alone or combined with somatostatin and variable replacement amounts of insulin. In order to evaluate the net effect of insulin independent of the mass action of glucose concentration per se, similar glycemic increments were reproduced in the various experimental groups by varying the infusion rate of exogenous glucose. In addition, a fixed replacement dose of glucagon was used in somatostatin-treated subjects so as to simulate the glucagon response observed in the control group. The response of the control subjects to the infusion of glucose alone (Fig. 1) has been described in detail in a previous paper (9) . Schematically, three mechanisms become operative to minimize the hyperglycemia consequent to the glucose load: (a) suppression of hepatic glucose output; (b) activation of splanchnic glucose uptake; and (c) activation of peripheral glucose uptake. The 90-95% suppression of hepatic glucose output seen in the current study is in close agreement with previous studies in normal humans (7, 20) . Regarding the disposal of the glucose load, of particular interest is the observation that glucose uptake by the splanchnic area rose to values of 1.7-1.8 mg kg-' min-1, corresponding to approximately one-quarter of the exogenous glucose load (6.5 mg kg-' min-'). This accounts for the need to quantitate selectively this component of the glucoregulatory process (combined tracer-hepatic technique) in order to be able to appreciate thoroughly the role of insulin in the disposal of an intravenous glucose load.
When glucose was infused with somatostatin and no replacement dose of insulin (severe hepatic insulin deficiency), net splanchnic glucose balance exhibited an opposite response in that a net glucose overproduction occurred, although transiently, rather than a reversal to a net uptake (Fig. 2) . This response may be entirely accounted for by the changes in endogenous glucose output inasmuch as splanchnic glucose uptake remained totally unaltered. In keeping with previous studies in dogs (6) , the current data thus indicate that in a setting of severe insulin deficiency, hyperglycemia in itself is unable to suppress acutely endogenous glucose output, although it probably plays an important role in preventing sustained hepatic glucose overproduction. This view would not be in contrast with previous observations that hyperglycemia per se may induce an absolute inhibition of hepatic glucose output since this effect has been previously shown only in situations when near-basal amounts of insulin were supplied exogenously (2, 3, 7). Of particular interest in this context is also the observation by Wahren et al. (5) that glucose administration is unable to inhibit net splanchnic glucose output in insulin-withdrawn diabetic humans.
Particularly important is the current finding that during insulin deficiency the splanchnic area is unable to utilize glucose to a greater extent after an intravenous glucose load than in the postabsorptive state, despite hyperglycemia. This observation has three important implications: (a) insulin plays an essential role in promoting splanchnic glucose uptake after an intravenous glucose load; (b) hyperglycemia per se is incapable of activating splanchnic glucose disposal; and (c) the failure of splanchnic glucose uptake to increase is a contributory mechanism to the glucose intolerance associated with insulin deficiency.
Most of previous studies aimed at evaluating the relative roles of insulin and glucose in hepatic glucose uptake have used various in vitro preparations and have provided extremely contradictory results (e.g., [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . In contrast, studies performed in vivo on the diabetic dog (31) as well as in diabetic humans (5) have clearly documented the failure of the diabetic liver to switch to a net uptake during glucose infusion. Our data are consistent with those in vivo observations and indicate that the activation of splanchnic glucose uptake during glucose loading is an exquisite insulin-dependent process and not a passive consequence of hyperglycemia. The possibility that the reduced hepatic blood flow by somatostatin may have played a role by diminishing the rate of splanchnic glucose delivery is extremely unlikely for two reasons: (a) the reduction was small and might have produced only a 20-25% decrease in the splanchnic delivery of glucose; and (b) during somatostatin infusion splanchnic glucose uptake remained unchanged throughout the experimental period while in the control study, the reversal of splanchnic glucose balance already occurred at 30 min when the blood glucose concentration and, consequently, splanchnic glucose delivery had not yet increased markedly.
The conclusion that splanchnic glucose under-utilization is a contributory factor to glucose intolerance may not be readily apparent because blood glucose concentration rose to values similar to those seen in controls. It must be stressed, however, that in this group the infusion rate of exogenous glucose was only 1.7 instead of 6.5 mg kg-' min-' (controls). This difference (4.8 mg kg-' min-') may be accounted for by Insulin Effects on Glucose Disposal the splanchnic bed by -25% inasmuch as splanchnic glucose uptake remained at values of 0.5-0.6 mg kg-' min-', whereas in controls it rose up to 1.8 mg kg-' min-'. The contribution of splanchnic glucose underutilization to glucose intolerance was clearly smaller than that provided by the lack of suppression of hepatic glucose output. It may be speculated, however, that the role played by the splanchnic area could be even greater after an oral glucose load because in that circumstance a larger proportion of the load is utilized by the splanchnic tissues as compared with the intravenous load (32) .
In spite of insulin deficiency, a striking increment in peripheral glucose uptake was observed after glucose infusion, although this response was not sustained as in the control group but tended to wane after 60 min (Fig. 2) . This finding in itself may not be particularly impressive in view of the fact that the tracercatheter technique measures glucose uptake by a variety of peripheral tissues including those insulin independent. An additional group of studies was, consequently, performed to determine whether the observed elevation of peripheral glucose uptake during insulin deficiency involved specifically the forearm muscle tissue. The data shown in Fig. 5 demonstrate that hyperglycemia is able to stimulate glucose uptake by the forearm to a considerable extent, even in the face of insulin deficiency. This observation is consistent with previous data, published in abstract form, indicating that hyperglycemia does stimulate glucose uptake by the forearm in insulin-dependent diabetic humans (33) . It is also noteworthy in this context that earlier studies have demonstrated that increments in plasma insulin concentration up to 20-40 ,U/ml, as occur in our control subjects, have little or no effect on forearm glucose uptake (17, 34) . Taken together, the data from the experiments of Figs. 2 and 5 along with previous observations (17, 33, 34) lead to two important conclusions: (a) insulin deficiency produces differential effects on glucose utilization by splanchnic as compared with peripheral tissues (including the skeletal muscle); and (b) blood glucose concentration rather than insulin appears to be the primary regulator of muscle glucose uptake in man.
When the low replacement dose of insulin was used (0.15 mU kg-' min-'), the arterial insulin concentration was maintained at levels slightly above base line. Therefore, a near-basal insulinization was present in the periphery while the amount of insulin reaching the liver was in all likelihood less than that required to maintain a basal degree of insulinization. In spite of this, the response of the splanchnic area to the glucose load (Fig. 3) was substantially different from that observed when insulin was not replaced at all (Fig. 2) . In fact, not only was glucose overproduction totally prevented by the small amount of insulin used, but even a significant suppression of hepatic glucose output took place, although to a considerably lesser extent than in controls (35-40% vs. 90-95%; P < 0.01). This finding substantiates the concept that a minimum degree of hepatic insulinization must be present for the inhibitory effect of hyperglycemia on hepatic glucose output to occur. It is also true, on the other hand, that glucose is not a very potent inhibitor of hepatic glucose output in circumstances of under-replacement of the basal insulin delivery to the liver.
The response of splanchnic glucose uptake to the glucose load was not altered by the low dose insulin infusion (Fig. 3) . Splanchnic glucose uptake remained virtually unchanged, despite hyperglycemia, as also observed in the experiments illustrated in Fig. 2 . Similarly, the pattern of the response of peripheral glucose uptake was comparable to that seen when insulin deficiency was present in the periphery (Fig. 2) (Fig. 2 ).
The addition of insulin at the dose of 0.4 mU kg-' min-' produced arterial insulin levels comparable to those reached in the control group. Furthermore, during the infusion period the insulin concentration was three-fourfold above base line and, therefore, ade-
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L. Saccd, M. Cicala, B. Trimarco, B. Ungaro, and C. Vigorito quate to provide the liver with basal amounts of insulin in view of the 2.5-3:1 portal-peripheral gradient existing in the basal state (19) . As shown in Fig. 4 , the suppression of endogenous glucose output observed in these experiments (60-65%) was more pronounced than in the previous groups, although still incomplete as compared with that seen in controls (P < 0.05). It is clear from these data that the magnitude of the suppression of hepatic glucose output in response to hyperglycemia is strictly dependent on the degree of hepatic insulinization and that only when uninhibited insulin secretion is free to occur, maximal suppression is achieved.
Of particular interest is the observation that splanchnic glucose uptake rose consistently in this series of experiments, although the response seen in controls was not fully restored. An important consequence of this partial elevation of splanchnic glucose uptake associated with the more pronounced suppression of hepatic glucose output was that net splanchnic glucose balance did not remain as a net output as in the previous groups (Figs. 2 and 3 ) and eventually switched to a small net uptake. This finding may have practical implications as to the treatment of diabetic patients with artificial devices that deliver insulin continuously. Based on our data, it might be anticipated that only when the insulin infusion rate is adjusted to produce plasma insulin levels in the range of 30-40 AU/ml, the splanchnic area ceases to be a site of net glucose production and begins to utilize in part an incoming glucose load.
With respect to peripheral glucose uptake in the experiments involving the high dose insulin infusion, the magnitude of the response to the glucose load was restored to that seen in the control group, an expected finding in view of the similar plasma insulin concentration in the two groups.
The current approach is based on the assumption that somatostatin exerts no influence on the glucoregulatory system other than that mediated by suppression of insulin secretion. Supporting this assumption is the fact that in previous studies simultaneous infusions of somatostatin and basal amounts of insulin and glucagon were without effect both on glucose turnover (1, 6) and, specifically, on hepatic glucose balance (2) . Similarly, in the current experiments involving somatostatin and high dose insulin (Fig. 4) , the degree of peripheral insulinization was comparable to that of the control group and this was associated with restoration of peripheral glucose uptake to control values. This finding is also consistent with previous in vitro observations that somatostatin fails to alter glucose uptake by adipose or muscle tissue (36) . Finally, somatostatin is known to inhibit the secretion of a number of other hormones, including growth hormone, thyroid-stimulating hormone, prolactin, and various gastro-intestinal hormones (37) . It can be reasonably excluded, however, that these hormones may have influenced the results of the current study since they are incapable of producing acutely the changes in glucose metabolism described here. In conclusion, although the experimental condition created by somatostatin cannot be strictly regarded as physiological due to the multiple effects of the peptide, the available evidence supports the validity of the current approach to examining the glucoregulatory role of insulin in the disposal of an intravenous glucose load.
